Eight patients, 9.1 to 16.5 years of age, were studied 2.8 to 8.5 years after Fontan operation. Oxygen utilization was determined during upright bicycle exercise. The cardiac index and stroke index were measured by echocardiography and the anaerobic threshold was determined. The results were compared with 10 patients after surgical closure of the atrial septal defect. Anaerobic threshold (AT) in Fontan patients was lower than in the control subjects. Oxygen consumption at each stage of exercise was significantly lower in the Fontan group compared with the control subjects. From the beginning of exercise until AT, the increase in stroke index was lower in the Fontan patients than in the control subjects. After that point, the stroke index decreased significantly in the Fontan patients while it remained almost at the same level in the control subjects. Significant correlations were observed between the oxygen pulses and the stroke index at AT both in the control and Fontan groups. These results suggest that impaired exercise capacity in Fontan patients is mainly due to a subnormal response of the stroke index at AT and to the decreased response of the stroke index and the heart rate at the maximal workload. (Jpn Heart J 1998; 39: 659-669) 
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Heart J September 1998 of cardiorespiratory performance during exercise has also been studied,1,2,8-11) but it has not been well addressed in relation to the hemodynamic response. It is therefore the purpose of this study to assess the hemodynamic changes and cardiorespiratory performance during upright bicycle exercise in patients after Fontan operation, and to clarify the relationship between them.
METHODS
The study was performed on eight children who had undergone Fontan procedures. The preoperative anatomical diagnosis and previous procedures of the eight patients are summarized in Table I . Three patients were boys and five were girls. The mean age at operation was 6.1 years (range 2.6 to 8.3). The mean age at the time of study was 11.3 years (range 9.1 to 16.5) and the mean time since surgery was 5.2 years (range 2.8 to 8.5). In four patients an atriopulmonary anastomosis was performed. In two patients an atrioventricular connection had been created and in two patients total cavopulmonary anastomosis was constructed at surgery. Six patients were in New York Heart Association (NYHA) class I and two in class II.
The control group consisted of 10 patients who had undergone closure of the atrial septal defect more than 5 years before. The mean age of the control group was 13.4 years (range 10.3 to 18.8). Seven patients were boys and three were girls. All patients were in NYHA class I and were engaged in normal daily activities. Two dimensional and Doppler echocardiography at rest showed normal ejection fraction of the left ventricle (>70%) without any residual shunts in these patients. Study protocol: Before exercise testing, each patient had a thorough physical examination, including a resting 12-lead ECG, a chest roentgenogram and echocardiography (Sonolayer Model SSH-65A with 3.5-MHz and 2.5-MHz transducer, Toshiba Corp., Japan). A 3.5-MHz phased-array transducer was placed in the left parasternal position to record a long axis view of the left ventricle and aortic valve. The aortic diameter was measured at the annulus during systole by M-mode echocardiography. The cross-sectional area of the aorta was calculated from the aortic diameter on the assumption that the aorta is circular.
Before the exercise study, the procedure was carefully explained and informed consent was obtained in each case from the patients' parents or legal guardian.
The exercise testing was performed with a calibrated electronically-braked bicycle ergometer (Ergometer 232C, Combi, Tokyo). The patients underwent supine exercise with the workload beginning at 0 watts and increasing continuously in increments of 10 watts per minute. Heart rate, electrocardiogram and blood pressure were continuously monitored throughout the test. The exercise protocol was continued to the limit of tolerance. No evidence of ischemia, ventricular arrhythmia or systemic hypotension was found in any of the patients before they had reached tolerance.
The subjects exhaled through a low-resistance one-way valve and a pneumotachometer into a mixing chamber. Mixed expired gas was continuously sampled and analyzed for oxygen and carbon dioxide by an electronic gas analyzer (Mets-900, Vise Medical Ltd., Japan). Oxygen uptake, carbon dioxide production, minute ventilation, and the ventilatory equivalent for oxygen were calculated breath-by-breath by an on-line computer (PC-9801, NEC Ltd. Japan). The anaerobic threshold (AT) was determined by gas exchange criteria as the point of a nonlinear increase in the minute ventilation for workload. This onset of hyperventilation was further confirmed by referring to the exercise intensity at which the carbon dioxide production increased nonlinearly for the oxygen uptake. This point was determined by one well-trained investigator. To delineate more detailed development of the cardiorespiratory response, variables at the half intensity of the anaerobic threshold (1/2 AT) were also evaluated. Continuous wave Doppler recordings of ascending aortic flow were obtained with a small, dedicated 2.5MHz pencil-type transducer from the suprasternal notch . Transaortic flow was identified by its audio signal, spectral display and simultaneous imaging. The spectral envelopes of five consecutive cardiac cycles with the patients with ischemic heart disease. It has also been performed to elicit an abnormality in ventricular function in patients with different cardiac conditions. Although maximal exercise testing has been reported to provide an objective assessment of functional capacity, it can be biased by the subject's motivation because the test is discontinued according to the symptoms of each subject. Moreover, exercise testing to maximal tolerance may include potential hazards in patients with severe heart disease.
The anaerobic threshold, which is the workload when the oxygen delivery to working muscles cannot increase enough to maintain aerobic metabolism during progressive exercise, has been proposed as an alternate means to quantify exercise capacity.13-16) This onset of anaerobic metabolism has been found to be detected noninvasively by respiratory measurement of expired gas during incremental exercise testing,17) though the method of determining the anaerobic threshold is still controversial.
The anaerobic threshold can be detected well before the maximal effort irrespective of the subject's motivation. The ratio of the anaerobic threshold to the maximal oxygen consumption has been described as 50-60% in normal subjects 14, 15, 18) and approximately 70% in cardiac patients. 19, 20) Previous reports have demonstrated that the anaerobic threshold was an accurate and reproducible index to classify the severity of an impairment of cardiac function. Therefore, it is natural that this index of submaximal exercise has also been applied to patients with congenital cardiac defects. [22] [23] [24] [25] Several investigators have reported that patients after Fontan procedure had impaired exercise capacity. Zellers et al1) described that oxygen consumption at the peak workload for patients after Fontan procedure was approximately 60% of predicted values. In the present study the mean oxygen consumption at the peak workload for the Fontan group was 61% of that of the control group. Yasui3) found oxygen consumption at the anaerobic threshold for Fontan patients to average approximately 80% of normal, similar to that documented in this study. The heart rate response to exercise was consistent with previous observations. The heart rate was comparable for both groups at each exercise stage until AT. However, the maximal heart rate reached at the peak workload was significantly lower in the Fontan group compared with the control group.
Previous studies have demonstrated that the cardiac output response to exercise was below normal in Fontan patients.1,2,4-6) This subnormal response of cardiac output has been attributed to a notably subnormal stroke volume response and a slightly decreased heart rate response, and considered to be the main reason for the impaired exercise capacity of Fontan patients. Gewillig et al6 reported that the cardiac index of Fontan patients maintained an ascending curve up to a submaximal effort point of 1.5 watt/kg. Cortes et al7) reported that the cardiac index of Fontan patients hardly changed from the 6th minute of the Bruce protocol incremental treadmill exercise because of the significant decrease in the stroke index and the lower response of the heart rate, while that of the control group continued to increase until the end of the maximal effort. In our study, the cardiac index of the Fontan group increased significantly at each stage till the point of maximal effort, though the increase after AT was substantially subnormal. The difference between the two groups is probably due to the maximal workload attained. With our continuous protocol of exercise testing, it is often uncertain whether the subject reached the oxygen plateau when they discontinued exercise due to symptoms. We concede that we may have underestimated the maximal workload in several patients. Cortes et al7) reported that the stroke index for Fontan patients decreased significantly at the point of maximal effort after reaching its peak value at the submaximal effort point. Our findings essentially agree with this observation. In our study, the stroke index for Fontan patients showed a significant increase (although subnormal) at each exercise stage until AT and significantly decreased at the peak workload.
The relationship between respiratory gas exchange and cardiac function during exercise is relatively unclear. This study is unique because the values of oxygen utilization and cardiac function were measured and compared at each stage in the same exercise testing.
At AT, significant correlations were observed between the oxygen pulses and the stroke index both in the control and Fontan groups. This means that the oxygen pulses well reflect and, thereby, can be a strong indicator of the stroke index at AT for both groups. Accordingly, oxygen consumption was considered to be a strong predictor of cardiac output at AT for both groups.
Since oxygen consumption can be expressed as the product of the cardiac output and the atriovenous oxygen (AVO2) difference that was not directly measured in this study, the slope of the linear regression between the stroke index and oxygen pulses reflects the values of AVO2 difference. The values of the slope at AT were higher in the Fontan group than in the control group, which means the values of AVO2 difference at AT is greater in the Fontan group than in the control group, as earlier described by Shachar et al. 4) In addition, the heart rate was comparable for both groups at AT. Therefore, a subnormal response of the stroke index was considered to be the main reason for the decreased oxygen utilization at AT for Fontan patients.
At the peak workload, however, significant correlations between the oxygen pulses and the stroke index were observed only in the control group. The values of the slope of linear regression between stroke index and oxygen pulses at the peak workload were as high as those at AT. This means that the oxygen pulses can be an indicator of the stroke index also at the peak workload in the control Jpn Heart J September 1998 subjects, and that the values of AVO2 difference at max are as high as those at AT in the control subjects, as earlier described by Rowell et al.26) In contrast , the oxygen pulses can not be an indicator of the stroke index in the Fontan group possibly because of the diverse values of AVO2 difference at the peak workload in Fontan patients. Since the maximal heart rate is significantly lower in the Fontan patients than in the control subjects, the impaired oxygen utilization at the peak workload in Fontan patients is attributable to the subnormal increases in the stroke index and heart rate.
In conclusion, the present study has shown that the patients after Fontan procedure had impaired exercise capacity during upright ergometer exercise testing. At AT, the subnormal response of the stroke index was considered to be the main reason for the decreased exercise capacity in Fontan patients. In addition, the oxygen pulses at AT well reflected, and thereby, can be a strong indicator of the stroke index at AT in Fontan patients. Accordingly, oxygen consumption was considered to be a strong predictor of cardiac output at AT in Fontan patients. At maximal workload, the decreased exercise capacity for Fontan patients was commensurate with the impaired responses of the stroke index and heart rate.
